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SYMB0L5^ 

« . 

t/ -- co-efficient of aiisoluto viscosfty. 

• /> = density*gma. per oc. or Itjs. per ou. ft. ' 
r = r|idi\j« of tube in cms. feet. • , 

•hi-' k)acl eras, or feet* * 

ti r- average velocity of ffpw in Cf.’s or feet per secdhd. 
I -- length of tube or pipe in cp.’s or feet. ^ • 
g •^wccelerntion of gravity 981 cm. or 32-2 ft. per s^. 

• V co-effioicjit of kinematic velocity. 

= hydraulic mean d^th area/perimeter. 

» = hydraulic gw(iient ^ 

t » r • 

*d = diameter of tube or phpo — ir cms. or feet. 
c — constant in Chczy’s formula v — c Vmi. 

R rosistanc* per unit of surface in absolute units. 

= co-efficient or roughness. ” 

/ = co-effieTent in b’Arcy’s formula If =f ~ 

a — constant. 

5 = do. 

P = (t + -03361 -I- •00022i'P')*-’.t, 

• P =iJ>orimetcr of a pipe pr chanitel. 

T = temperature 'C. 



THE :flow. of 
'•pipes 



INTRODUCTION 


Before ‘any syatem’ of pumping %r moving* 
liquids cafi be designed an^ installed ttve magni¬ 
tude of dhe jesistances to flow in the condbits 
must ^first be accurately estimated. The 
chemical engineer llere has a itiueh mor«.difl5cult 
task than his more fortunate Jbrother the» 
hydraulic engineer. *Thc rtormcr defUs with 
Jnuch yi(Wl' range of fluid.s^nd these under 
all manner of physical,condiflons, the latte^ 
confines himself to the flow of water and tliis 
only at ordinary* temperatures. Thus the 
eiit^mioal engineer requires to know the genesal 
case of .the of resistance to flovnof UquidsT 
the hydraulic engineer considers only the. 
particular case of water at ordinary tempera- 
tttres. ^Moreover the^ chemical engineer by 
reason of the co^sive nature of many of the 
iubstances ^Idch he hai to move is prevented' 
from using mechanical pumping dyyices and 
a compelled to adopt suCh de>ices as the air 
ift, the design ^f which depends entirely nn 
(he accurate estimatjoni of frictional resist- 
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•anc^s. It* idtiay be accepted as true that thS 
tardy ■ recognition of the'meritpf the air or 
^as lift is ducj^more than anything else, to the 
. Want of accurate *methodS ^f .estiniating ‘and 
formulating the factors controlling resistances to 
liquid'flow. The tendency of •modern cHemicM ' 
engineering *to develop continuous processes in¬ 
stead of batch or intcrmitjtenff processes n6cessi- 
' tates the ilso of careful and cantinuouS methods* 
^ of raeaarfrement of yquids and gase/ employed 
in ‘the processes. Hence the laws of viseous’ 
flow must be accordingly (leterminpd. « 

TJiis -work is ’an attempt to provicfe Nlie 
•chemical engineer with a sound working scien¬ 
tific formpla for the flow of liquids, of v'hatover 
character, undeivall possible condition^. This 
formula breaks* new gfbund^ in that it departs 
entirely from the u.sual hydraulic formula, a^ 
it is based ^ upon the researches on the two 
modes of motion of Osborne Reynolds, ftrSt, 
"published dn 1883. Reynolds /JiScovOTed the 
. criterioq of flow as a function of velocity,, 
temperature and the quantity called kinematic 
viscosity. Unfortunately, however, thpre hhs 
not till recently been sufiHbient experimental 
■ datirpublished to enable the ordiiviry engineer 
to use thiq criterion to obtain the correct value 
of a constanl^rf in Chezy’s formula: 

• V = cVmi. * 

Stanton working at ^he National PhyaicM. 



INT^IODUCTION fl 

Baboratgry has carried out a complete' series* 
of experiment^,on th6 flow of^aii’ and the flow 
of gas through tubes of various sizpa, and. 
plotting his rc§ul{|p' accord!ng to a ‘method , 
sugg^ted by Lord Rayleigh ho has given us 
' th'e coibplete relation between flicf forces ftec^s- 
sary to overcome resistance to flow and the 
* ^ 

.criterion . It matt be recorded^ that the 

enormous.literature which .exists on Hydraulic , 
flow* is Solely concerned with purely surface 
fricti»n^of jvater in large conduits and rivers 
with here and there attempts to coiwct.for 
viscosity in a purely, empirical way. 

The iiitemal faetors of resistanee to ^ow hav^ 
during tlie'last fifty years been very carefully 
studied in connexion Wth thS development, 
^f the,American oU fields, ancj extraordinary 
means have been taken to reduce ,the internal 
I resistance by means of rifled piping and the 
emulsifying 'of, the oil with water.» IJnfortu- 
.nately little attempt was made to inegrporato ■ 
these factors in a rational formula. However 
th'e St%nton curve uppn which the follo\ving 
work is bf^ed hjil provided engineers of ail 
classes w<th a complete scientific /oriftula 
adequate enough to satisfy all practiqjaJ require¬ 
ments. The use of the Stdnton’'formula would 
have been useleSh without the calibration aSd 
..standardization of the. viscosimeters to obtain 
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rea^Uy the Value of kinematic viscosity for aify 
practical soluti^ of which thp. constants were 
not known, 'ij'hree such viscosimeters have been 
standardized, the* lledwdqd, dingier and the 
Saybolt, and Chapter VI gives the focmulae 
^ind'curves connecting the seconds flow Vith’r. 

The factors which govern* the‘rate of flow 
of a liqifid moving through a pipe, fall hlto two 
main clashes or groups. * Group 1: the interijar 
group ;*• comprises ,tho* chaaactcrisfics of the 
liquid itself, namely, density, which cteterinincB 
the energy available to produce, flow f vis- 
cosity^—the intertial friction of the mdle^ules 
of the liqukl itself and which retards the flow; 
,the incrj,ias or the hydromcchanicai criteria 
which govern tlie formation of cddylhg.streanA, 
thus increasing the ev^rgy required to produce 
a certain raode^ of flow. Group 2: the extemqj 
group; includes such factors as hydraulic 
mean depth, length, roughness of the*surfaceJ 
of the pipe, and gravity head., * . 

In tl\o year 1883 Professor Osborne Reynolds,, 
read a paper on “ An Experimental Investiga¬ 
tion of the circumstajiccs which d^termftie 
whether the motion of watAr shall be direct or 
sinuous, and of the latv of resistance* in parallel 
channels,” in which the nature of the internal 
factors govcMTing “fluid resistance was first 
indicated. It is strange that i# has taken almost 
forty years for this .knpwledge to filter dowik. 
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to ordiflfery hydrauliq and mejhanical’enguieer-* 
ing, for it iS snly within .the last few' years 
that any attempt has been ^iad» to incprporatd 
these internal faotK)r8 into a rational ft)rmilla* 
for the use of engineers. . , 

Notwithstandiilg .the basic cjiaractdr • of 
D’Arev’s formuldj * 

^ ' dig 

and'the toany attemj^ts to give a tnte.Vajue„ 
\o (ho co-efficient,/, thft best thing tliat has 
yet a]jpeared is the.work of Barnes in a recently 
piftlishcd book, Hydravlic floiv Rev^^Widti to 
devise a logarithmic, ^formula which would fit* 
the Mississippi River and a small oarUi channel 
in. wide and 10 in, deep. ^Hiis formula is; 

•vhere v — vel. ft. ^er sec. . 

m= hydrauhe mean depth j in feet. 


t = hydraulic slope y. 


Barnes’ work is worth study, if only to show 
that logarithms may,<^ver a multitude of sins 
and that jpiro empiricism can be dressed up 
to appear'as the latest scientific novelty. "He 
gives a host of formulae based on^thp •pattern : 
V =,K»» *» to suit all kirfds ofTiydrauhc flow, 
and when one sdfes the m|iny attempts to gi^e 
•-rfeasonable accuracy to value of / in D’Aroy’s 
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* * * ^ * • 

■ formula‘the pye hydraulic and mechanical 

engineer owes a^great debt to«B&mes for col¬ 
lecting,-a majis of very ^carefully "conducted 
• experimental resufts.and foe determining‘with 


wonderful accuracy .the constants i»' his, 
]ogafithmic,though empirical fofmulae. It may 
interest the reader o'l this pdmphlet to notice 
some of‘t|iese attempts'j» square D’Arcy witli, 
the truth. For instance, IFAubusspn, Prony, 

, and" jEylelwein make 11116 co*efficient‘ / de^nd 

, 1 . rb’ * • * 

on V only, thus - -a- = ^ + —• • 


* 16 

WeisbacKsubmits the following ■ j^= a +^' 

dJazin makes / depend on d instead qf dl'thus: , 
“ 1 h • * 

/I • ^ •d' 


Knuttor’s co-efficient depends on hydrauli® 
gradient and hydraulic mean depth, and he, 
throws in a aub-co-efficient n for .roughness. * 
For a^lfean iron pipe D’Arej^ gives :* 


4, = .02(l+>). 


Nck wonder then Bamescejected the above at- 

may be hxceJIent fof the case of water at ordin¬ 
ary temperature, they are not i^ufficiently general 
in application for use in chemical plant design.^ 


temptato derive rationfd formulae and^ook refuge 
in pure empiricism, but although" his formula 



II 

FU’nDAMEPJ'EAL KESEAtieHES ON . 
. VISCOUS JLOW • 

In th5j)aper already .fnentioned Rcj^olds set 
oijt to find an explanation for the two modes 
of flifid motion ; one steady, 8tream-lik(fin<ition, 
♦he «thef unsteady^ and ^inuous. In the first 
case jesistajice varies directly as the velocity, 
whfle In the second resistance* is as thff'ssqHare 
of velocity. Most of^jReynolds’ research work 
has a philosophical basis, and much of this, 
jSiper is. taken up with the study of Stokes’ 
equations of fluid giotidn. 

^ Eroni the study of the equations of fluid 
motion Reynolds'Obtained his dug to critical 
; velocity being dependent on— 



* P 

where Poe 
a 


visco sity •' 
density ’ 


but his work is memorable because of the 


ingenui^ and beauty, qt his experimental .work 
to determine the yilue of the critical velocity. 

In one clkas of experiments water was driCwn 
through glass tubes B, Fig. 1, of, various dia¬ 
meters up to 2 in., immer^ ill a ‘large tank 
C constructed ^th gla^ sides. On open¬ 
ing the cock A water ‘flows through the 

IQ • * 
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•experimental pipe B at velocities depending ort 
the .amount of thfc opening of the pock. A fine 
ntream of water coloured with a dye.is allowed 
.tb enter the trumpet end of jjipe B from a vessel 



Fia. 1. • . 


Ik “ When the velocities were sufficiently j 
low, the streak of colour extendq^ iJi a beautiful 
straighk line through the tube ” as in Fig. 2. 

•H —-■' ■ ' T— -^ yny- 

• • • • 

•* Flo. 2. *• 

• 

“ If thp Y^ter in the tank had not quite 
settled to rest'at su’fficiently low velocities the 
Btteak would shift ^out thd tube, but fhere 
was no appearance «f i^inuosity. 
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. • 

•‘As Ibe velocity was increased’ by snjall 

stages, at some point !n the tiAc, always at- a 
‘considerable distance from the trumget or- 
intake, the colouf woulft alT at onc^ mix* 
up w^h the surrounding water and fill the 
rest of the tube* with a mass ‘of coloured, 
water ” as in* Fig< 3. • * 

^ • • 



- “ (5ij viewing the‘eddies by the light of an 

electric.spart the mdss of colour rcsolvQt^j^elf 
into a mass of more or less distinct curls, show¬ 
ing eddies” as in Fig.*4, 


<r> O- o ' 




, . Fia. 4. , 

Any initial distur'bance of the water tends 
to reduce the velocity at which the motion, 
changes ^ron? steady to sinuous, aifd which 
ja termed the critical velocity. 

Reynolds in his paper mentions that when 
oills pcaired on the ^uface of a pond, at,one 
time the suijface Spears like a looking, glass, 
and at othSr,times the surface is rippled* tip 
and the reflection takes the form gf grimacing 
images, like that of sheet’ glass. fFhe clear 
impression corresponds the stream-lin% 

motion; the rippled grimacing effect is due 

* • 
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* to 4;he lormatton of ed^es at the hounding 
^ surface of the oil and the watar in the pond. 

PoiaffuUle ip connexion with som'e work on 
the flow of blood in animah tissues carried out 
very extensive researches to determiiw the 
•rate* of flov?^ of liquids through small capillary 
tubes. He laid down a law that the flow 
through'capillary tubes',.varied directly *as the 
velocity. He proposed the formula: . * 

V'= * 


Where V = volume transpired in cp. • 

L = length of capillary. 

D = diameter ^qf capillary. 

’ • H = pressure in mm. merc«?y. 

K = k factor .which is a constant fSr 
efich liquid at a given tem- 
. perature. ^ ^ 

This law.governs the standardization of most 
.df the modem viscosimeters. • ; 

Anoth^ experimenter in this field,” D’Arcy, 
carried out a careful series of experiments hg. 
1867 on the flow of water through cast-iron 
pipe§ having diameters ganging from f6 in.’ to 
20 iq.. His conclusions, wmch arp set out in 
a memorable paper, are that the resistance to 
flow varied ^8 the square of the velocity, and 
has left oh record the general formula: 
h tflv* “ 


.dSJff 
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where /‘is a factor .which, as'alfe5,8y. men-' 
, tioned, depeifd» upon many Variables. How 
these two modes of motion are connected and* 
at \Chat point • siieam-liae flow changes to * 
cddylBg flow Reynolds was t^e gariicst to show, 
first by observih^thc flow of coloufed str6a!n» 
and second by ii^csti^atftig the law of resist¬ 
ance in.the flow of liqpid through pyies. If a 
force requy.-ed to ffause flow be represented as 
a sldije of* pressure, in bthe* words, if Jfcad • 
11 r^uired bS divgied Ijy the length I and 


* J> 


\ih4s; ,. 



velo< 5 ^ty t> be considered to be the me&n velocity 
of flow through the pipe,\then if the log. 8f 
h be plotted against the log. of v, the position 
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•wh^e.stWamline flow breaks down into sinuoul 
flow is clearly indicated ty the change in the 
•angle inclination of the curve.' Referring 
• to Fig. 6, the Une iSojn the'ocigin to the point D 
makes an an^lo pf 45° to the base, showinythat 
the head h varies directly as because tangent 
of the angle 0 = 1. 'From jpint T) to B cor- 
respondifto a period of in^abmty, and according 
to Reynolds’ experiments the increase of head* 
«is three times that fop Aream-lino flow. JFrom 


point B onwards to p the, flow Is et8ady«and 
corresponds to a stable spiuous niot\pn? and 
in rtHTdhse of lead pipes Reynolds form'd that 
* the inclination was 1-72^, in other words, hx 
<i,l'722. The points D and B are critical velo¬ 
cities. The pohit D k termed lower critical 
. velocity, and B is termed, the higher critical 
velocity. This critical velocity is a i^pnetioy 

of V, d, d, where v is velocity metres per sec.; 

d diameter in metres ; t) is viscrisity in absolute 
units;, and p is density. This expression is, 
general for all liquids under all conditions,* 
and tor water Reynolcjs^ves the foilowh%: 



where B = ^1 -|- OaSflT + •000221T*)-' 
and T =*= temperature of water on ° C. 

'The value of b is|l3-79 for*the lower cntical 
velocity, and 278 for the high critical velocity. 


• • 
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'Rie valup of this formula, which «iay be terjied • 
the Reynolds’. Criterio’n, is at Ihst being -appre¬ 
ciated by engineers in the development of a. 
rational formula liqujd* flow, which wil? . 
applytf^ all liquids under all conditions. One 
point, , however,* must be npfed—fliero has»not* 
been very muoh experimental data to obtain 
very afccurate valubs ffh" fbe constards^and for 
a wide ran^o of substances. However, Stanton 
(Reysjoldsf former Assistapt) has coflipletely ^ 
nerifted the general law and supplied the engineer 
with a basi^ upon which to construct the new 
formula. * • 

Reynolds, however,^ ^overlooked the import- • 

^ce or the function — as an argirmcnt or* 

common denominator fti fluid* friction^ but , 
nppeanj to have been the first to use logarithms 
in plotting his results. This is to be regretted, 
for it has set the fashion in exponential formulas, 
of which Mi^ Engineer-in.Chief to 

the English Electric Co., tells me,' ,one is 
announced once every month or oftener, 

As ajready stated ipage 10) the law of 

* * vl 

“ similarity^of ccmditioqs represented .by^ — 

produces similarity of mption ” waas tot made 
known by 0. Reynolds in 1883? .This law, 
though verified by manyyareful o:^riment8, 
was really the outcome pi mthematical insight 
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‘ which .cKMractemes so much of Reynolds’ worS. 

His experimental! was than‘not sufficient 
•to attr{»ct the, attention of engineefs who are 
satisfied with a simple foriiuda •accurate enough 
to guide them, in, practical work. However, 
the Vapid development of thir aeroplane Has 
drawn attention of ^e sciei^ific world to the 
need of h rational formu^ governing tl^e'resist¬ 
ance of planes through the‘air. Stanton amd 
his TjsaiStants working bn this subject atf the 
National Physical ^jabor^tory 'havd carried 
out a classic series of experiments on j;he flow 
of sir, Vater an'd oil through smooth dra*wn 
brass pipes .of various c^i^meters. The results 
put on a firm basis the above-mentjoned law 
of similarity of "fluid forining the modecn theory 
, of fluid friction mora 'comprehensive in char¬ 
acter than thQ older D’Arcy formula Tyiih it# 
floating factor /, and excepting for the difficulty 
,ia comparing degrees of roughness for*variousiV 
sizes of pipes adequate enough te banish empiri¬ 
cism tQ the limbo of the past. The criterion., 
which governs the law of fluid resistance is: 



• where v = velocity • 

l.= linear dimension of the system 
9 — kinematic, viscosity = -2- ,, 

where ^ = absolute viscoqjty 
P =4i density 
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{or a pipe d is substituted for 4 ttul^: 

* • }!i ■ * 

V • ■ • 

• • • • 

and tor a channel ^e perimeter p is th^ lineal* • 
dimSision: 

V* « ^ 

The new theo^j has Ifeen well summarized 
, and a Jilted to the usag of the hydraulicf engineer 
by Mr. Jl. Parry, Engineer-in-Chief to the 
English Electric Companj^ in a pam^Of on, 
*A Theoi^ of Fluid Ffrictioi^ and its Application to 
Hydfa^ica^ published in his Company’s joumaL 
Bftefly, the now theory states that the raeist- 
ance per unit area is a function of the linear* 
dimensiUhs of the system, the velocity v, the 

viscosity y, and density»p; if >'•== ratio —, the 

• . .P • 

Idnem&tic viscosity^ then ^ —’<p • 


This’equj^tion is perfectly general and appMes 
to all Aioving'surfaces in any fluid* liquid or 
‘gaseous. 

•For pipes becomes 

where^m = hydrauUo mean depth. 

I = hydraulic gradient 


therefore ^ =V 

. «» 


g = acceleration of gfa«^ty 
vd ' 


» . 



tBus: 

V* , V 
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Tp apj^Iy’thB formula,to channels the peri¬ 
meter p is substituted for d, the diameter of 

Pipe, 

The insertioij of t.he kinematic vi^hsity 
function — nn the floji^ form^a^can only refer 

to the iiffcarnal friction the fluid streiji,m and, 
can therefore only extend *to the ^urface of 
.the ‘poffduit. The fthedry is tnie proviSing 
the state of the 8urfy.cea pf the'conduits* ar5 
similar, that is to say a .small smooth* pipe 
may be* as proportionately rough as a 
*large rough pipe. The nejct stage in the develop¬ 
ment of Jbhe theory is the finding of suitable 
factors of roug|fiiess.* Pp<rry has already made 
.such ^n attempt. ^ The factor kinematic vis¬ 
cosity then is the link which connects thd 
P 

flvw of aU liquids and gases through conduits. 
Lord Rayleigh fiLrst proposed oto plot on a 
diagram values for the external resistances* 
against those of the internal resistance, in 

R vl ^ 

other«words,—- as ordin&t^cand -- as ahscissm. 

pv* ^ ” V 

M R (c.g.8. units) IS an inconvenient unit 
for the engipeer, the eqtiivalent for for pipes 
mr * 


V* 


is adopted instep, which is obtained by 
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• * R 

dividing -rr. -^y 

pV‘ • , • 

. Now before any values of these factors ar^ 
given a word or^twy*on unit* is Advisable. Ojie, 
of th^.grcatest diAcultics’tho working engineer 
crtcoimters is tl|e^reat variety*of •units adpgted 
in various counties ancU in the different pro¬ 
fessions. Throughout* the world the#imit for 
‘ purely "scientific worlc is the centimetre gram 
second. jStanton;^ researches as pubMijlied by^ 
4ho«Nattonal .Physical Laboratory, London, are* 
given in j-his unit. Tffo ordinary hyc^aulic 
engin&r uses the foot pound* second, svhilc^ the 
newly arisen chemical engineer, chiefly through# 
the in^uunce of the’bench cljcmist who is ncit 
Tit hom^ in the works with a fnot-rule, is trying 
to adopt the mette kilctgram sdbond as a prac-^ 
^ical l^d of c.g.s.* system.* 



Cinematic AND XBSOLum- 
* ‘viscosity 

Viscosiiyf is a measure of tk^ internal friction 
of a moviig fluid. It i^*th^ force reqflired to • 
move a^lan© surface of .unit area pafit another 
’ at urfit distance at uAit speed, the ^pacerbetiieeii 
being filled with the fluid. * There are various 
ways of pleasuring this quahtity, buT; tRe usual 
.metliod is to cause the fluids to flow at velocities 
below the critical^value, t.fe. without t^e^forma- 
flon of Mdies, .through small bore tubes ojl 
many diametem in length. • 

* What happens w^ien a liquid or a gas flows 
through a tube ’Without eddying may be im‘agine<f 
as pulling oUt a telescope. The fluid js con- • 
Si5ered as, made up of an infinite number of ' 
concentric cylinders moving ax&lly along the 
tube. The outermost cylinder wets the wall 
of this tube and sticks there, the next cylinder 
slips past slowly and eacR successive cylinder 
a little ‘faster than the last 'till the centre is 
reached where the velocity is grkitest. The 
resistance this slipping of the liquid cylinders 
is measure of the! viscosity. If the head 
required to cause the 6ow is oarefuUy mejusured 
the value of<the absolute viscosity is calculated 
. u ’ « 
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tL I ■ ' 

from the expression n = 

• oV^ 

where rj co-efficient of absolute viscosity 

dynes per sq. «m. pounQals ppr 
sq*. rf. * * 

g = acceleration • of • gmvity—981, cm. 
o? §2-2 ft. per sec. • 

. r = radiul^tof tube in cm. or fcfc. 

?t =«= head ip crti. or ft. • 

V average ve|pcity of flow in ciji. yr ft. 

. .per sec. * ‘ * 

Z = length 6f tuUb in cm. or ft. 

,The»i?alue of v in'c.g.s. units must hp divided 
by 14 9 to give the practical English equivafent.. 


•0176^ 

'000016 

• 

■01304- 

• 

*0000IS' 

/sAmof 

Vahesof 

¥Sq.Om, 

y 

pt5€C.* 

per Sec. 

• 

'00020- 

*000010' 

• 


•om- 

H 
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•The,kindinatioViscosity % or ^ is.the <quantity 

• p • 

,mea8ured by the 6rdinary viscosimeter of the * 
, Redwood, En^er or Sayboit type. The dipien- 
, • M , L® L* /. CAM. 

. , I/r ‘ M T ’ . ft. lb. sec. 

* * 1 * * * 

^ 8 »"" 929 ^’ ' 

Table l«in the Appendix gives the* Allies pf* 
rj, p, )j»for water at .tampcj^tures f^om .0° C. 
*to l0O°C. in both sets of units. . • , • 

These values are alsb giveh in Dia^am Eig. 6. 

• 'CONVERSION FAffTORS ’ ' 


—,- - - 

, 1 ) Absoij;tk VisooarTY ir Kinkuatic liisgpsiTy 

o.g.8. unite 

• 

% • * * 

ft. lb. BOO. unitf^ 1 c.g.H. unite 

• ij • ' 

1 ft. lb. eoconds. 

1 

• 

• i 

.1 II 1 • 

i4-9 ji 

> » 

1 * ' 

1 

929«03 

• 

i_?_ 


—- in (?.g.s. units = in c.g.s. units, where** 
pv* ° V* 

9 =§81. 

R in ^ foot lb. _tnig in* foot lb. seconds, 
-second units ~ where g = 32-2. 
Therefore in practical units: 

- *• 1R ' . 

' ^ C.g.8.^= ^ C.1g.8. 

Ssl 1 ® 
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R' 


rhi 


p’v^ ft. lb. ^ec. = " ft. lb.* see. 

351 . 


Fig.* 7, curve B, gives the'relation of and 

vd* * « « • • • 

— for air and water found Jfy Stanton for a 

very wiBck range of values.' His experiments 
were conducted on straight smoolh drawn' 
brass ffpes without^joiifts o^five different‘dia¬ 
meters, viz. 0 144, 0 28, 0-493, 1-18, 4-9t5 inkiest 

The valpps of and — lie iVithin a ^ery narrpw 


* band through which tha purve given has been 

drawn. • * • • 

A set of v^cs from.(curye C) experiments 

• by Lander on the fjow of sljeam and water in a 
drawn steel pipe 0-42 in. diameter, and doscribed 
by him in a paper read before’the Royal Society 

.iif 1916, is given on the same diagram, together* 
with a cufve A drawn from datia given 4)y Rey¬ 
nolds for the flow of water through lead pipes.*. 

That temperature has a great influence on 
viscosity is well known,, hu^ as yet no one bias 
found .a rational formula .connecting these 
quantities. 

•Poiseume (ound tha^ his experimental results 
fofthe viscosity of \jater could be represented 
by the expression: == »?, (1 ^ at -f fit*), where 

a and fi are constaats. 



KINEMATIC AND ABSOL 

• Meyeri’ formula: ^ 

• »?< = »?« (1 + 

is too simple and only applies over ajlimited* 

* # ^ • • 

rang®. ♦ • 

SW^bcs comes nearer with a formula of the 

, » • • • • 

type; ^ . 

t), = (1 + /3<)\where ^and n are constants. 

Giadtj proposecf: .,* » * 

rj’= in wliicji 0 is the criticjal teni- 

peratureC and* <1 is^a teipperaturo below the 
melting.pcpnt, whcfo the viscosity is infinite. 
Thorpe and Rogers, reviewing the vafious for¬ 
mulae above, select Sj 9 ttes’ as bouag the most* 
accurate.* Slottes’ formula, ‘when expanded 
on the assumption that the temperature co¬ 
efficient is small, sipplifias to ; 

• • n - — -.* 

‘ I + at+Pl* . 

' Cons€ants,in the foregoing formulae for mafly-^ 
pure sifbstances and solutions are*given in 
■CasteU-Evans’ tabl^. 

^ practice for liquids of unknown composi¬ 
tion it is preferably tomse one of the standard 
viscosimeters and* deduce t} from the-cqrves, 
shown on Mg. 9. Care must be taken to 
determine accurately the temparatube. The 
flow.of water is increases about 1^ times ^m 
0°C. to 100“ C. t>oiling point. 
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•IV 

R^jLATION'BRTWEEN MEi^ VELOCITY 
* AND VELOCITY.AT AXJS OF PIPES 

In the cas* of stream-linQ*flow of a viscaus fluid ^ 
through a pipe the ratio of4ho meaji velocity 
,over*tB5 section to,the Velocity at ttie oehtre 
is 0-5. Here both theory ^nd experiment"arB 
in agreement. The value, of this, r^tid for 
eddying *or turbulent flow depends on the 

function S^nton’s* •careful experiments 
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fTHE PLOW OF LIQUIDS IN PIPES 

•are .described In Baiiona} Physical L^oratofy 
Collected Researtfie?, Vol. XI, 1914, and from 
•which ihe curve Fig. 8 has been obtained. It’ 

**■ . * ‘ ^ 

is seen that at the critical velOcily the 

fs log. — 3*5 or 2,050, rising once to 0 7 and 

increasing^ to 0-82 for e'ddymg flow. ' , 

In the use of the Pitot tube for a.sccrtainihg 
• velociflfes it is no\» (July ndce.ssaiy *10 oBtaui 
V max. instead of talfing aenumfler ofucadinfb 
across the section and calculating V iiicarf. 


» ma* 



. * '^THE 3k - WACRAM . . 

\ * ryf 

Owing, to the enoamope range of va^Cs of — 

• * * • 

( 1 - 14 ]W, 0 ^) and of ( 001-1 0), the ration 
of»these Iquarttities Jis plotted logarithmically. 
Fig. 10- • The curve "between wilues of.^ from 

1 to 2,050 is a line sloping downwarAat an angle 
.of 45° to the horizontal and ihfers to.stream-* 
line flow .where thje he^d h varies directly as 
the velocity v. , . . 

.The equation of this portion oi the curve is: 

3y — S” or^—8 ’'" 

^ . v* vdg pv* vdg' • 

The pojnt B indicates the lower critisal point 
where; 

k = 2,050. 

• V 

The point A correspdn^ to the higher crifical 
value where: * • * • 

k: = 2,900. 

Thew region between poi^ A and B is that 
of unstable flow. . 

As it ih of small importance in practical work 

* 33 6 . 
































































THE ^ DIAGEAJW . 3* 

significance need* not tore* be cfiscussed.' 
Gibson, in His work on .hydraulics, explains 
this point of unstable flow^at Jcngth. • From 
the jioint A onwar,fis the •curve swe'cps gently * 
dowdiifftrds to parallelism. a^ ipfinity. No 
jiortion of this «i»rve is straight, go thaf fhe 
logarithmic gentlemen may rest their ^ouls in 
,silence* Jfjo logarifhntic formula ha^'any basis 
inVeality gnd is pute empiricism. The work of 
llcyfiolds ftnd Froude extends over too m^ow a < 
ifpftn for the errors ^f thciindex ratio to be seen. 

Th^ ^urv^B from paint A on\\ards coircsponds 
to‘sinuous or turbulent flow on which the main ^ 
hydraulic flow formulae arc built.* It will bo 
•scon later that the flow of many*chemical liquids 
IS* streane line. Tims, strong .julphuric acid 
be taken as example, we Ijave rj — -2658 in • 


afi.splutc units at 20° C. 

P = 1-84 

1 •V -2658 

*p *”- 1-84 ■ 


d = 5 cm. (about 2 in.) 


then critic^ velocity is reached when: 
—■= 2,050 

V 


V = . y — 59 * cm. per see. (about 

2 ft. per second). ^ • .• • * 

This rate of flqw is equivalent to about 16 
gallons per minute. It is ebviously an advan¬ 
tage to keep* the flow below'the critical vqjocity 



k ^HE.FliOW OF HQUlfcS IN PIPJES 

‘because the {lead required varies *01117 as 
velocity, and no^ as .velocity squared as in the_ 
jisual hydrauliii fl^w. 

That portion of the curyp relating to tjhrbii- 
lent ^flow is .plqttad to a larger and dSferent 

scale in Fig. 7. TIk actual/<Values of ~ in 


• * R * 

foot pound second unitsf and -“in c.^.s. unHs* 

• d * 

' are plotted as absciesiie and log. as’o/dniates. 

^ ^ • •^IIP 

The lower curve A gives the flow thfough 
lead pipes frorfi Reynolds’ experimdhts *011 
• water ; the, middle curve B Stanton’s results 
/in the flow of water and air tlirough egmmer-, 
cially obtained smooth solid drawn bjass pippT 
. while the upfJer curye'^! giVes Lander’s figures 
on the flow of ^tcaAi and air through solid dra\^ 
steel pipes.. Parry in his pamplilet has'plofted 
a«.chart giving the flow of water through largqf 
steel and cast-iron mains of about 4^ in. dia¬ 
meter, , from which an idea oS the factor j^f 
roughness can be obtained. As already stated 
the position of the turbulent-flow curve on the 

AM* vd * 

—j — — graph is a criterion of the surface rough¬ 
ness of the pipe or conduit only. The resistance 
offered tsast irory (asphalted) is much the 
same as that of Stanton’s prasa pipes,‘while 
riveted steel pipes seem to offer a much greater 
resistance.* 
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THE PRACTICAL APPLiCATION. OF 
THE KINEMATIC VISCOSITY* * 
^UATION 


• 

The chciilieal engineer has this advantage over 
thedif'draulic engineer •that he has at coBmand, 
tii^resojirces'of a modern chemical laboratory. 
If I>irry can urge the use of this formula for 
wtiter,‘how much more shohld the‘chemical 
engineer seize upon this new metliQd of express-* 

, ing resistance to fluid flow? On the othcar 
‘liand, it, can be stated that water has been 
studied almost acf nauseam, whift many, of the, 
§uids required to be dealt with by the chemical 
engineer are almost unknown outside a special 
\industry. In certain industries, however, tooiw- . 
ledge of vifecijsity is essential and* in them 
convenient types of viscosimeters haye been 
developed. The petroleum industry possesses 
Mo standard types q/ yiscosimeters from yhich 
the kinematic viscosity is easily derived, one 
designed by gir Bovertod Redwood, the English 
standard; the other the Say bolt, the# adopted 
standard of the United States. tTho Geftnan 
type of the instrument, the Engler, is also in vise. 
In the dopo) varnish, and similar industries, other 



S8' (THE FLt)W OP LIQUmjs IN’PIPES 
• . . * • ^ • • 

.types mare 6n theHne of ^.he scientific aj)J)aratws 
for Setermining t{ie absolute viscoMty are in use. 

• • Fro]^ what has'already been said it is an* 
. easy matter t(f asaerfain tljp flow of any liquid 
if its absolute viscosity and'density arej^pown. 

^ 411 publisliecT tables of physical constants, 
of which a‘selection us given m the Appendix, 
give sifcli data for many'substances an the 
pure and diluted form, but, in the •ju’oeess .of * 
manufacture it is essential to be able measure 
the flow of liquids* of unknown con^ositiflB. 
In sucli cases the kfhcmafic viscosity can bo 
obtained* by determining the time of* butflaw 
' for any of the three viscosimeters just 
pientioned. Tho rclatioft between Jcinematic , 
viscosity v and T time of outflow is for tht? 
various viscosfhicters ^afa lollo^rs (in e.g.s. units): 

Redwood * V '= 0 0026 T — ,-^5 

•Saybolt v = 0 0022 T 

* • ^ i 

Engler (a) k = 0 00147 T — ■ 

. (6) » = 0rf)ei435 T — 

Nos. 1 and 4 of these equations are plotted in 
Fig. 10, ^rom which it can be seen that for time 
of outfloi^'^’cater tlian 100 seconds the kine¬ 
matic viscosi^ varies directly as viscosifbeter 
seconds T. &low *100 seconds »>, fallp more 




THE KINEMATIC ViSCOSIjrY EQUATKJN ' ip 

Apidly than T, till a1|40 se(fondS the Value, of )- 
descends to * impossible figutes. It n;ay be 
taken that the Redwood and Saybolt formulae do 
not apply below. 40 if and •Eflgler below §0 T.* * * 
If if*now possible to give exan^lcs showing 
the application ^of the new refation of fl 6 w m 
actual practice. ’ * 

It is*re^uired to fietormine the head ifecessary 
to* cause pow as Mlows : * 

Liquid .• . . Concentrated sul{)huric, 

““ • , ^acid 

Pipe* .. Lcad2in. dia. (w, = 2 Vft.) 

Temperature* . . 20 ° C. * * 

Kinematic viscosity . . 

from Table No. 4 00013 ‘sq. ft. .per sec.* 
*I^low .. . ^ . Jl^ft. per sec., or 25 gals. 

, per min. 

No^v • = 3 X — X - 

V 6 00013. 

= 3,850 
‘log. 3,850 = 3 5855 

From the curve Fig. 7 or 10 the value of 
corresponding to — of log. 3 5855 is 00016 

• 1h . 


v» 


mt 


= 00016 * 

•00016 X 9 

= I • 

2 # 

= 0352, about 3 6 in. per 100 ft. 




40 • rHE PLOW OF LiqfUIBg IN PIPES 
• • • 

•As a chetk {he*cal(Ailatior 4 may be done in c.g. 8 . 


units as follows » 

, d — 2 in. = 5 cm. 


m = 


% 


* = 'l 

4' 


4 

, • • V = •f21 sq. cms. ppr^sec./ 

== 90 cm.*per sec. 

Vd ’ 90 X 5 > ' 

Now -,.--r,2r 

= 3,800 approx., 
log. 3,800 = 3-5798 ^ 

From curve Fig. 7 or 10 , 

= -0062 X g 

= 060005 ' 

. •. t•== -032 

• »• » 

An 'American e^gftieer, discussing Stanton’s 

researches, prefers to use the criterion — to 

oBtain the correct value of / in what he term/ 
the Fanning formula: « 

h* 


h^f 


d?g 


known, on this side as D’Arqy’s formula. This 
hjO does by graphing'/ in the above formula 
<vd 

agaj^st , which of course gives a curve which 
is a function of Stanton’s ^ — — curve. The 

. pV* V • • 
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• • * i ■ . . ' , 

first method seems t^ be siippler aS rnest of the 
labour mvolved is in determjning the valbe of 

—. Having obtained — the^ corresponding 

* * * •* ‘ 

vaTutf’bf \s read from ,thg cjjrve. 
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JLOW L‘lduiDS IN CHANNELS 

It has alie 8 ,dy'been stated J;ha(t if p be the wetted 

perimeter tEen = 9 )of ~ . , 

. V yl ^ pv^ . . • 

•* This equation enables us to deteriijine fabe 

flow of liquid in ch^nnelst In Fig. 11* are 

graphed eurves df this function for c'lfanneis 

of varying degrees of roughness. Thus: 

Curve A Lead pipe * Hoypolds 

„ B Smooth drawn brass pipes Sfanton.,' 

„ C Dra^i stee] I)lpes * Lander.. 

It is noVdfowever, aecessary’to draw a separate 

graph for the resistance to flow in channMs 

be<jauso the value of p is a simple ratio of d the, 

diameter of a pipe: • , 



or lof^ ^ = log. -- + = log. — + 0-5 

V ^ V ^ ^ V 

appfox. thus: referring to graph Fig. 7 curve B 

the valudo|^^ corresp 9 nding witli log.-- = 5 0 

• 

is 00007, while on the ^ chart (Fig. 11) this 
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Value o/ -- cbrrekpondal with 6.0 +*-5 = 6-6 

V* , . • • 

epprojymately. ( 

,• The calculationc are m^de_ exactly iu the 
same way as already described Jfor tho*45ipes, 
tjio, value fof th% wetted perimeter^p in cm.'or 
feet being Substituted for d, the diameter of 
a pipe. • . *0 c ♦ 

For exailiple, it is required to det*mino the 
heachspecessary to causo flow of concentrated 
•* sulphuric acid in a lead channel 8 in. ^de-by 
in. deep at a temperature of 20° C.^at therate 
of 3 ft. per second (about 35 gals.' per iflinute). 
•The value of v is 00013 sq. ft. per second, 
g = wetted perimeter = 1| + 1| +.3 =,6 in. 

4-5 »‘ 

: |iydrauli(j.meaa depth ='^ ='75. 

1 ' 2 '' 00013 
= log. 4 0621 
= 11,630 


! 

nii 


•5 ft., m 


Now = v' X i X 

A 


’^‘=•000165 

V* 


., _ 000165 X 9 , . 

*. " -76 

^ = 00198, about 2 4 in. per 100 ft. 

.Note.—t for channels is sin fl where 0 is the 
anglb of tlie slope of*the channel. 




The foregoing ch^tei^ deal with resifjtance to 
fl(jw ofE(^cd by the sUrface of a straight pipe. 
VVe, have* now to consider the losses of pends, 
vg^ves, .elbows, dbviationt from the straight,», 
pipc^ junctions, sucWen anlargements and con- 
t( 3 ,ction% tn <the pipe area. . . 

In ordinary hydraulics all losses are assume^ 
to be proportional to' v* bcc^usd we suppose 
wate^Uio flow in the eddying stream form. If 
t\io flow* is stream Ihftt it is aa» reasonable to 
assume that losses* are proportionaLti^'y only.' 
Jlcsjordingly therefore it must *be known first 
whether the flow is stream line or sinuouq, which 
has already, been explained, and thep to take 
the ordinary ItydrauUc figures for sinuous flow 
losses and correct for stream-line flo\fr in the 

ratio —. This may mot be scientific in the real 

!>• * • 

sense, but then these resistances are ’of 4Hich 
varied character that approximations can oflly 
be attempted. In an ordinary chewical yorks 
it edn be aecepted that pipe lines are seldom 
straight and that lead pipes are apt to be 

talked on and knocked,* bulged, ,dented and 

• « • 
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othehds^'iiSisshapdd, thit often the, “ othdt 
pipe-We losses ” oomprise most of (She resistance. 
Numerous examples (j'ould bo cited to show the 
Extent pf “ oth(5r pi'pe*line IcVses ” in the awrage 
chemical works. One must*' sufiifce here?* The 
wj-iWeP in investigating pipe flow iijJ one of the 
large tar works in thf! country stumbled across 
a case of a* ram pump wo^kin'g at 52 Ib^ pfessure ^ 
pumping Af'ater to the Glover aci^ cooleVs 
which*«tood on a platfotm ijot 12 ft.-from'the 
ground. Theoretically 12 ft. is equal fb bj'fb. 
per sq. in. pressure.’ Double thi.s^ fpr ^ipe 
friction ih the usual chemical way—that fs, 
11 lb. per sq, in.—so that it can be reckoned 
tjiat 41 lb. per sqf in. was wasted. Though fuel • 
may be cheap in 
such works th? cost , 
of the extra powel 
used would bo many 
tiises tliat of the in¬ 
terest on »larger and 

properly, designed __ 

pipe line. fio- 12 . 

Professor Gibson, of Jfj^nchester, has kindly 
permitted me to extract an^J adapt from his 
bqpS, Hydraulics and its Application, the foDow- 
ing factors. 

Looses Entraniie to a Pipe Liqe.— 
Th^e depend on the form of tbe entrance. For 
bell mouthpiece, as ip Fig. 12, loss .of head is 
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• • ^ 7 , 

# I I • ^ • 

about 05^ pr 05 — for stream-line flow. .For’ 
re-entrant mouthpiece as in Fig. 13, the»loss i» 

I • • 


□_ 




13. 


‘ V 
or 


'9 ,V. •’ . 

* . For*tJ^e commonest case where pipe opens 
flush with side of botfdm of taftk or reservoir, 

k)ss of,head is about -47 ^ or -4? ^ lor stream 
^9 2g 

Jine (Fig. 14). 



Fio. 14, 
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taE.J^OW PF LI(JUIF>S in pipes 

■ Lqss due to'Coeks inlCyUndrical.Pipe.— 
Referring to Fig.* Ii6 : 



a — sectipnal area through valvei 
^ = area of pipe 

0 = angle through which valve is turned 
F = constant in formula: »” 


LoSs = rp or F*!- 

c 25f > 2g 



' —- 



■ ■ 


T 

i 




15° 


25° 

.. J° 

36° 


a 







a 

■1 

•85 

•77 

■HI 

•61 

•64‘ 

•46 

A 








F 


•29 

•75 

1-56 

31 

5-47 

9-68 










40° 

45° 

60° 

• 

55° 

• 60° 

65° 

82° 

..0 

A' 

'•30. 

• 

•25 

•19 

•14 

•09 

Valve 

F 

17-3 

312 

62-6 

106 

*206 

486 

Closed 







• a 

• 







OTHER .PIPE LIN^ LOSpS ; 
•Loss* gt Bends, EJl^ows.* and t’e’ds.—’ 
Referring to Fig. 16 : * • 



Fiq. 16. 


Jf R be the radius of the beriti 
». ... pipe , 

0 „ angle , „ .bend ^ 

tben tlif following values for* F in th*e formula 

^ V 

4^ are given by the authorities/sited, 

Weisbach :* ^ 

Boss of lead due to bend =-- =F^— ==*in ft. 

B 2g 180 

and F for circular pi^s = 131 + 1 847 

For sharp bends and elbows Weisbach givSa 

, Loss = F-^ ft. ••#’.* 

and F = §46 sin ^2 06 sin 

• • 2 . 2 
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t • • , 

. Gibsoft* states tl^at th« above formulae giro 
low'results. ■ * i * . 

, Brightmore experimenting on cast-iron pipes 
, 8 .in. ^and 4 in. ^iimeter ^ave results ^which 
pointed to the ’fact that for alj| curves ^fj;he 

b(35t radiu? (where^-^ is from ^6 to 1§) the 


additioftal loss of he4d vas approximately 


Alexander and Williams’ experiments show 
that the additional loss of head di4e,to Bonds, 
of 90° of radius 'R = 6r is equal to that offefed 
By a straight pipe of length'3-381 where I is 
■the length of the curved portion of th» bend. 

■ Other authorities stages that the resisfance -of 
easy right-angled bend is equal to that of a 
straight pipe 10 to 16 diameters long. .The 

R 

best radius of a bend is - = 30, but if thi^ 

large radius is impracticable then adopt values 
of R between 6 and 10. Values of R less than 
6 or between 10 and 20 should be avoided. 


Loss of Head In Commercial Screwed 
Pipe Elbows and Tees.—Clibson in his work, 
Hydraylics and its Application, has tabulated 
oarefuUy'tHe experiments of Schroder) Dalby, 
Bain, Davis, from which the following Average 
values of resistance are calculated;. 
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(XtfHER.'PIPE LIN5'L03i^S 
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4 

• • 


' Lcnglli of 

V’alue of 

Name of fitting • 

• ••. ’ * • 

Velocit|i in 

• P>pl • 

ft. per ae&i 

straight 

. giving 
equal loss 

in ■> 
formula 


• 

^of 

(Moan) 




• 

• ^ » 


« 




in pipe 


• • 


<l.iMiiol<'rs 

* 

Elbow: *• ^ 


# 


1 in. iii> black mall. 




^ («ld}’. . . • 

2* <b ip 

23 

5-76 . 

j in. in galvd. mall.. 




’(new) .... 

2 to* 10 

10 

0-53 

• 1 in.*m Elack mall. 


• 1 


(old) . . 

2 to 10 

23 

. 0-70 

1 in. in C.I. (old) . 

i!*to 10 

. 

0-95 

2 i«. in M.I. 

2 to 10 

34 

0-72 4 

2 in.’in C.I. . . 

2 to 10 

63 

1'34 . 

3 in. in C.I. *. 

l*7o 25 

•25 

0-64 

4 in. in C.I. . . ’ 

1 to 25. 

27 e 

D-OO 

• <6 in^in C.I. . . 

3 to 16 

• 29 

0-50 

' Tees: • 



• 

• 2 in. in C.IT A 

2 to 10 

86 

1-9 

, 2 in. in C.I. 1l 

2 to 10 

70 

. 1-6 

' 3 in. in C.I. B 

1 to 20 

116 

2-46 

3 in. in C.I. A 

1 to 26 

67 

1-43 

■* 4 in. in C.I. B 

•Uto 25 

66 

1-41 

4 in. in C.I. A , 

1 to 26 

64 

1-^ 




_ 


g * * *# • 

,A refers to tee piece fixed a« in Rg. 17. , 

B refers to tee piece fixgd a* in Fig. 18. 






• 

p ■ — V - ; 

■ J 

1 1 

• • * • • r 

• €• r •; 
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Flo. 17. 
± _ 


rJ 

j 

i 



r- 


Fjo. 18 . 


Losses af Sitdden Cbanges in Section of 
the Pipe.— 

'If a = area of smaK'pipe* 

‘ A“=erea of large pipo 
V = velocity in large pipe 
= velocity in small pipe 

‘ A 

m = — 
o 

then loss of head due to sudden enlargement =? 

• ml 

War pipe diameters, ranging from 05 in. to 
6 in. apd values of m from 2 25 to 10 96 the 

lo§a* expressed as a percentage of is 

about 100. In other words, the /aetpr F in 






OTHER. PIPE LINH LOSSES ' 83 

formula A = J' ^ is* unity.* 

’ Losses at Joints.—For purely clipmicai 
work ,involving ^ load, glaAs.and earthenware, 
pipe Caps car5 must be taken in assessing fair 
values for the various joints.* The’lead burp^s 
jointfin lead, for flistancc,Varies in'smoothness 
according to the degrpe of skill of the work¬ 
man. Thbre is always a length ol pipe con¬ 
taining 5urrs, restrictions which are Jbound 
to set up eddies and so iitcreaso resistance to ' 
flow.* In ^la.ss pipe*lines,*aa for example in air 
lifts fo^ circtilating’ liquors fti acid-tibsorbing 
towers, there many types of jointe, aneWt* 
.does not follow that die joint aflefing the least 
resistance to flow is the one best to be used. ^ 
Tightness in th8 case*o,f corrosive fluids has 
fcst consideration. * One of*the^besfr joints for* 
glass pipes is constructed of an ordinary earthen- 
.^are packing ring, into which the ends .of ^he 
glass pipe aae inserted, the joint being made 
wjth a stout rtibber bung as in Fig. 19. 

E^ihefiwart Packing Ring 


- ekUrube 

__i_. 




--i**- 






SUMMARY 

• • • * • 

MoOern clxemical ^engineewng /demaiKj^ a 

general formula for viscous flow; the usual 
D’Arcy ‘formula and tlie ^any e^i^xfnent^l . 
formulm are either wrong or'of restricted appli- ■ 
^cation.* j * c ' , ' *' 

* t * • 

The factors governing viscous flow ^p.11 into • 
two classes: internal and external, the former 
*in;he case of chemical fluids Ucing by far the 
most important. ' _ * 

«• . ' . 

4 . I • • 

, Reynolds’ researches reveled the two modes 
of fluid mo*fion-.-8tfeam-line flow and tmfljulpn* 

flow. He discovered the criterion —, but 

t, ■ j> 

faded to see it as an argument o^general appli¬ 
cation to the flow of all fluids—liquids or gases. 
—under all conditions. Moreover he set the 
fashiqn unfortunately in,,the use of logarithmic 
formulae. 

•• - - - 

• 

Stantqn has since provided the necessary 
data’ConntfSting the external factors governing 
flow with the internal factors.* Adopting Ray¬ 
leigh’s method of plotting he has given a ourye 
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fpr flow’over, a* very larga range’ 

pv* * V ^. . 

of air, water and oil throi^h brass pipea, • 

. ^ -,* . * . ' * • 

Wli*c the fbWflte viscosity t) and density 

• * # • « 

P of«any liqffeid are know^, the raiio ^ =*'rts 


at onca ** * * 

*For otper liquids kinematic viscosity v can 
HSe bbtained by (Jeteftnining T, the fkw in 
seconds,i of ofie of Jhe thr?e standard viscosi- ^ 
meters-^I^edwood, Engl& and Saybolt, and 
us^ing the appropriate formula. - 


► The influence of tfemperatftre on viscosity 
is enormous, and,in qqpsequence also on 
rate of flow. Therefore -it is important tha^ 
• be q^refully determined it the temperature 
of flow. 


^The ^ diagrams show clearly the point 

of critical velocity: — = 2,060 or 2,900 in 

* ^ 0 

c.g.8. imits. By designing pipe flow in the 
stream-li n e region much^ power is saved. *!^or 
stream-line flow head varies directly, as the 
velocjjty, while for turbulent flow* hfead tanes 
as »*■’*“*. Moreever, surface of pipe has*no 
e^ect in the stream-line * region, but in the 



««• THE FLbw'pP LIQHTEfe IN‘PIPES 

. • *» ; •** ’ •. 

AurUulent flftw regipn the mature of the surface 

iB e^idfent by tl^p ^position of the curves, Af 
3, C, ior lead, brass and steel respectively. 

^ -^ , 

. Stanton has showi that ratio ^‘of me^mivelo- ‘ 

ci^,t« velocfty ftf Central filament^is a function 
of — . For stream-lme flow the ratio is 

* » V ■ * * 

0-5, and for turbulent flow—rr— is.-7 rising ' 

•. .• yma. . . • ^ 


* gradually to -82. 

< 


To detiyinine head for a'given‘flow through 

<fcifape: . 

(1) Determine v *for known liquids ra*tw 2. 

for uilKnov^ liquids by use 
^ *01 stanSard viscosimeterj 

and curves, Fig. 9. * * 

(2) »Fi3f V and d and calculate —. * 

v • 

(3) From diagram Figs. 10 and T find value gf ^ 

corresponding to value — as deter- 
‘mined in (2). 



The hydraulic slope t then is: 


i = X 


’W / m ‘ 


Flow through channels can be determined 




» •—•f-- • 

•Other pipe-line losses are given in the form 

a'ftfctol* F in theJorAhla.A = F — for*tVirbu-. 

*. • ■ • ' 
• * V* ‘ 

lent flq>v» arui h =, F-^ for .streamline flow. 


These losses in » chemical works pipe«are oftwp 
greater than that due to purely'pipe friction. 



APPENDfX . 

• • % * • 

TaHiSis of visQ^sity ij witjj values qf kiD,»lnatio viscosity 
in sq. cms. per sec. and in sq. feet per sec. derived there- 
froA. • Vi t 


^ M * 

Dimensions of r; is conversiAi factor 14<86. 

Di .« . . 


929?03 


t 


• TABLE r 


Water 


Acronfinf io joskin, and Kaye and LcAy. 


% 

1 i' • 

Temp. 

^ “C. • 

• 

C.g.8. 

• • 

Grams 
•per cubic 
om. 

•t' .2 

P 

• 8q. oms. 
parsec. 

’ • i 

• V 

Sq. (C. per 
sec. 4 

• 0 * 

001793 

0-99687 

001793 

0 00001931 

s 

01522 

•98998 

•01622 * 

•00g01639 

10 

•013105 

•99973 

•01311 

-00001411 , 

1 16 • 

•01142 

•99911 

•01143 

-00001230 

20 

•011006 

•96823 

-01008 

•00001086 

30 

•00800 

•99567 

•00803 

•00000866 .. 


•00657 

•9922(f 

•00662 

•00000713 


•00650 

-98810 

•00667 

•00000699 

II. - w 

•00469 

•983S0 

•00477 

•00000614 

70 

•00406 

•97780 

-00416 

•00000447 

• 80, * 

•00366 

•97t80 

•00366 

-000g0394 

fO 

•00316 

•96630 

•00327 

•00000(62 

100 

•00284 

•95840 

•09206 

•00000319 





s • 





•j^^PENDIX 


. ,, ^ABLE 2*’ • 

• Bennies and Vi8S>sitiea of OlyceroUSo^Uiorm at 20®^, (68®) 
• occorrfjn^ Ai^hbitU and^celcy and^eriack, * ' 


•Por cont. ^ 
(Jlycerol. ; 


iJeiwity 111 
grains pol* 
cubio cm. 


Viflcoflity in 
c.g.s. Umta. 


#01181 
•0136# 
•01680 
■01846 ,, I 
•0217% i 

•02686 I 

•03116 I 

■03701 •: 

•04692 
•08908 * j 
•07864 
1031 
•1461 
■2149 
•3371 
•6634 
1026 
2076 
4-801 


• 1« • 

, Kinematic 
viscosity, 
c.g.s. Units. 


0-#1170 
,01336 
—^629 
•01788 
•02088 
•02411 , 

•02870 , 
•03480 
, 04218 

■06248 
■06727 
■08(143^ 
•1244 
■1822 
■%826 
■4688 
■8401 . 
1-683 , 

3-862 





6b ■ fHE PLOW/QF LIOfUlD^ IN' PIPES 

'.TABLE'S , 

Denaitf/ (pi<J Viscosity of Castor 'Oil according t» Kahlbaum 
, •otui Baber. ' • 







.AI^IENDI^ 


T^LB <t' 

Densities and Viscosities of Sulphuric Acids 















«' 


]™w\pi nr tiees 


JTABLE 6 


Hydrochloric Acid 

, * 


« 

- 

• 

-‘-r«. 


• . 

-»- 

• 



1 » 

? 

• • * 


T«mp. 

Stfcngth^ • 

VIsco'jity. 

e.g.B.' 

f 

J 

Density. 

. 

Kmen38t{c ; 
viscosfty. > 
c.pe. 


*20 

'so per cent. 

00l‘r?64‘ 

M5^ • 

0<bl6393 


16 

23 4. „ 

•01657 u 

M2 

•014786 1 


26 

23 

•01A88 

1115 

' 0:246 4 


46* • 

23 

•01^17 ,, 

1-106 

' 0541964 r 


16 

,161 „ 

'161 ,, 

IJ l . 

* 01443 

108 

0-013373 i 


26 

*01201' 

1075 

•011183 ! 


46 

•00868. 

1-0/56 . 

1-0081297 i 


16 

“•iL. „ 

•01281 

104 

•012317 i 

4 

iiii^5 

U-H 

•01046 

1035 

•010126 


45 

814 „ 

•007236 

“loso 

•0070695 


25 

Nomnf 

•01230 

1-018 ' 







4* 


* TABLE 6 
Aceton'S 


Temp. 

n 

fi I'V 

• 

“C. 

O.g.8. 

c.g.t. o.g.«. 


9 ) 

0 00416 

; 


!» 

•004016 

« ' 


20 

•003794 



28 

*003762 

4 


r’ ‘30 

•003636 



. *0 

•0033746 



eoi. 

•|0n216 


• 

C 


-•- 

• 







TABLE l\ 


, Ben*oi, 




* • 

-r- — 

-1;- 

Temp* 

o.g.* 

* % ** 

.• .. * 

c.g.«. 

^ ' 

• 

» 

10 

00C%| . 

•0074% 

% 

# • 
m 

# 

12 , 

•0p739 



1 

. 16-5' 

^•00688 



20 

, -00645 




• ««& 

, 00681 




40 

■00492 




50 

» -ooiss 




80 

■00389 




• 70 


• 

• \ 



TiiBLE 8 
cNitbi* Acid 



-¥“ 



• ^ 


Strength. 

C.g.B. 

% /» • 

e.g.t. 

C.g B. 

.- J 

0 

*100 , per cent. 

002273 

1 63 

0014^6 

10 . 

100 ^ 

■01770 

1 61 

■01171 

, 20 

100 * 

■01003 

1-50 

■00669 

’ 15 

23-3 

■0145 

1138 

* 012742 

25 

23-3 

01181 

1 132 

■01042 

« 45 

23-3 

■008346 

1 12 

■00713 

15 

18-2 „ 

«01266 

1 11 

■0M307 

25 

18-2 „ 

■010338 

M05 

■00936 

45 

18-2 „ 

■007341 

1 096» 

■00^ ^ 

15 

8-37 

■011984 

1046 


26 

8-37 

■009894 

1041 

^ t 

45 . 

8-37 

■0db783 


• 

1 2» 

Normal 

■012896 

1035 

• 


V 





' LiQxJfSi^ ijr^rpip^s 


TABI£ 9 • 


I • • 

\Ierouby. Kaye and Laby « ^ 


Temp. 

mm * 

9 ^ 

o.g.e. J9Dit>. 

' • 

p 

finirm p^r o.g.c. 

* UniA 

•> 

o.gA. UniA. 

.-t .4 

<► ^jpoC» 

•0186 

13'04S0 c 

V . 

0'0013i2 


rOl# 

13'6965 




I3-6462 

7T* ' H 

1. -80 


13-4729 

[ i 

viT *' 'nl 


t0122 

‘^l3-3StS 



13'U6 




12-881 



\ 
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